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Introduction
Modeling of the human hand can reveal important information about biomechanical mechanisms and provide a basis for investigating hand dysfunction and pathologies. Building a complete musculoskeletal model of the hand is highly complicated due to its intricate anatomy, including the intrinsic muscles and the extensor mechanism, and the high number of degrees of freedom (DOF) .
Hand function results from the combined contribution of intrinsic and extrinsic muscles. Extrinsic hand muscles originate from the forearm with a long tendon inserting onto the (meta) carpals or fingers. The origins of intrinsic muscles can be found distal to the wrist joint. They insert onto either extensor mechanism or fingers. The extrinsic muscles are thought to be the main force producing muscles, while the intrinsic muscles appear to work as modulators for balancing the moments around finger joints (Buford et al. 2005) . The extensor mechanism of the fingers is a collagenous web in which the Extensor Digitorum Communis muscle (EDC) and the intrinsic muscles are integrated, and which allows for force transfer from the intrinsic muscles at the metacarpal phalangeal (MCP) joint to the extensor side of the fingers (Levangie & Norkin 2011) .
Several models of the hand and fingers have been published. Chao et al. (1976) reported a detailed investigation into the musculoskeletal mechanics of only the fingers including estimated force data. An et al. (1979) developed a complete hand model, based on the anatomical data of 10 cadaveric specimens. While very extensive and a major step forward, the model was still limited in the sense that it only included orientation and location of the muscles and tendons and lacked morphological parameters of muscles. A model including the shoulder, elbow, and hand was presented by Holzbaur et al. (2006) but this model did not include the intrinsic musculature of the hand. Due to aforementioned complexities of modeling of whole hand, several other models have focused on parts of the hand such as the thumb (Valero-Cuevas et al. 2003; Vigouroux et al. 2009; Wu et al. 2009 ) or separate fingers (Brook et al. 1995; Valero-Cuevas et al. 2000; Sancho-Bru et al. 2001; Wu et al. 2010) . Recently more complete models are introduced (Sancho-Bru et al. 2014; Vignais & Marin 2014 ) however a limitation to these studies is that they collected data from various resources and input to their models. Anatomical data, such as muscle architecture, serve as the basis for these biomechanical models of the hand. In some cases, input data such as muscle architecture were taken from
Methods and results
The procedure for measuring and computing hand musculoskeletal data comprises four main steps (Figure 1 ): measuring basic anthropometric data, digitization of the hand geometry, kinematic estimation of joint geometry, and the measurement of muscle properties.
Model description
We developed a linked segment model of the hand in SPACAR via a similar approach to the Delft Shoulder and Elbow Model (DSEM) (van der Helm 1994; Asadi Nikooyan et al. 2011 ) which can be driven kinematically. The model consists of 22 rigid bodies, the carpal bones were modeled as a single body, each of the other bones in the hand and forearm have been modeled as individual rigid bodies ( Figure 2) . The model has 27 degrees of freedom (DOF) at the joints, and 46 muscles. Muscles and tendons are modeled either as straight-line elements between two points or as curved elements that can wrap around a joint surface such as for the finger extensors.
The long poly-articular muscles, more specifically the extrinsic finger flexors and extensors, are divided in multiple muscle elements each crossing one joint which all bear the same force, neglecting intermuscular and intertendinous connections. The most proximal muscle part represents the muscle belly and allows active contraction previous studies and were scaled to be incorporated in the model assuming that anatomical parameters are correlated. Holzbaur et al. (2007) showed a consistent distribution of muscles among subjects for muscle volume and PCSA. However, this assumption may lead to model inaccuracy since this correlation cannot be applied to all parameters (for instance variability in muscle length was relatively high in Holzbaur's study). It also should be noted that Holzbaur et al. (2007) investigated only extrinsic muscles of hand. Their approach might not be justified for intrinsic muscles because it has been shown that there is greater diversity (in muscle mass, belly length, and length) among intrinsic muscles in comparison with extrinsic muscles (Jacobson et al. 1992) . Furthermore, some other anatomical data that are needed as inputs to models, such as the muscle origins and insertions, are not available in the previous literature. In a optimized base approach, not with dissection, Lee et al. (2015) calculated muscle attachment points for fingers using a model built in OpenSim. They optimized these points to fit in the experimental moment arms of the muscles.
Currently, no complete anatomical data-set of musculature of the hand has been published. The purpose of this study was to collect the morphological parameters necessary for constructing a complete model of the human hand and wrist. A general musculoskeletal model of the hand is presented on which the choices on the level of detail required for the anatomical data collection were based. (active force of muscle is calculated based on a hill-type model for muscle (Hill 1938) ); the distal elements represent the long tendons, which are modeled by a constant length neglecting their elastic properties. Muscles and tendons are connected with 'via points' that are allowed to move distally as the finger flexes and proximally as the finger extends (Figure 3 ). This will result in a change of muscle fiber length, while the total length of the tendon elements remains constant. Forces are equal to each other in 'via points' with two elements; hence, forces exerted to the rigid body will also be the same. At 'via points' with lateral connections, the forces of the distal elements are equal to the combination of forces of proximal elements. Consequently, force exerted on a proximal segment will be equal to the force on the distal element.
Anatomical data collection
Data were obtained through dissection and digitization of a right arm from a fresh-frozen cadaver (Female, 87 years old). A 3D position tracking system (Optotrak Certus, NDI, RMS error calibration < 0.36 mm) was used to collect 3-D orientation and position data of the segments, anatomical landmarks, and muscles. Two 3-camera units were positioned around the specimen pointed at a viewing angle of approximately 80° and data were collected at a sample frequency of 75 Hz. The landmarks and muscle points (origins, insertions, and via points for long muscles) were digitized using a 6-marker pointer with a metal tip, the transformation of the pointer markers for calculating the endpoint position of the pointer resulted in an error < 0.45 mm. The pointer was rotated while its endpoint was rigidly fixed. The spheres were estimated on the markers locations. The averaged center of all markers was considered as the endpoint of the pointer and the deviation as the actual error (0.45 mm). A list of abbreviation is provided in the table 1 of supplementary material (Table S1 ).
Inertial parameters
Before dissection, anthropometric data (segment length, width, and circumference) of forearm and fingers were measured (Table S2 ). Inertial properties of segments -hand and forearm -were estimated using regression equations based on the work by Zatsiorsky et al. (1990) . Inertial properties of fingers and thumb segments were were always equipped during the experiment and used as local references for further processing. After marker cluster placement, the specimen was held in a natural resting position, in a custom made cast in which all marker clusters would be visible to the tracking system ( Figure 4 ). In a series of reference measurements, the poses of the marker clusters, as well as the coordinates of relevant anatomical landmarks were recorded for all segments. All subsequent data recordings were rotated and translated back to the original resting position of the specimen using the segment marker cluster poses. For all transformations to the resting position, the error, which was calculated by the method proposed by Söderkvist and Wedin (1993) was smaller than 0.15 mm.
All data were described in the coordinate frame of the ulna, with the ulnar styloid (US) as the origin and the following axes:
• Y: the line from US pointing to the midpoint of the line between the medial (EM) and lateral epicondyle (EL) of the humerus • Z: perpendicular to Y and the line from US to the radial styloid (RS) • X: perpendicular to Y and Z, pointing radially.
Geometry: joint axes and surfaces
For each of the joints, uni-axial motion data were collected by passively moving each of the joints through their full range of motion whilst collecting the segment marker data using the tracking system. The measurements were taken prior to muscle dissection, when the muscles, tendons, and skin were still intact. From these data, the kinematic estimated as cylinders. Related diameters were obtained from bony landmarks.
Twenty-two rigid cluster bases were rigidly attached to the following bone segments: humerus, ulna, radius, MCP-I to MCP-V, PP-I to PP-V, MP-II to MP-IV, and DP-I to DP-V (Figure 4) . The cluster bases remained in place until all data were collected. The cluster bases were firmly attached to the underlying bone such that the marker clusters could be easily clicked onto these bases in a repeatable pose. The bases were fixed to the bones using self-tapping wood screws. The bases also presented four sharp 'teeth' at their base, which partially penetrated the bone cortexes, therefore preventing any rotation along their longitudinal axis. To click the clusters in their respective bases, a ball and spring plunger was used. Seven click-on marker clusters with three tracking markers were used to track the segments during digitization. Radius, ulna, and MCPIII clusters Table 1 . Inertial properties calculated from anthropometric data based on Zatsiorsky et al. 1990 ) (forearm and complete hand), from anatomical landmarks using standard cylindrical inertial properties (MC1 to DP5). Data not estimated for DP2 due to missing landmark. Coordinates of Center of mass (CoM x,y,z ) are calculated relative to ulnar styloid. CoM is relative to proximal of segment. Once all landmarks were digitized, the procedures were repeated for a selection of the landmarks of three fingers: middle, ring, and little (14 landmarks) in order to examine the intra-observer reliability. The mean difference for the 14 repeated landmarks was 2.6 mm (SD 1.9) (Table S5) .
After recording bony landmarks, the arm was dissected and muscle attachment points, via points, and joint surfaces were digitized, always relative to their relevant marker cluster (allowing for subsequent transformation back to the resting position). The extrinsic finger muscles with a common muscle belly and multiple distal tendons (FDP, FDS, EDC) were dissected in separate muscle heads for each finger by visual identification of the muscle fibers belonging to each tendon. Muscles were freed from their underlying structures, leaving the attachment sites intact. For each of the muscles, the origin, insertion, via points over the joints, and inter-tendon connections were identified and digitized. As an example, palpated data points for the EDC, EI (Extensor Indicis), and extensor web of index finger are shown in Figure 6 . After removal of the muscles and inter-tendon connections, the thumb and finger joint surfaces were digitized from the extensor side. For each joint surface a cylindrical shape was fitted on the data points using a Levenberg-Marquardt optimization. The parameters for the estimated cylindrical curves axes of rotation were estimated using the instantaneous helical axis (IHA) method (Veeger et al. 1997) . From the kinematic axes, the joint poses were described with the optimal direction vector and a pivot point on that vector. IHAs for the whole range of motion and mean joint axes for the middle finger, wrist, and elbow are illustrated in Figure 5 . Averaged direction vectors and their related pivot points for all the joints were provided in Table S3 . Cylinders were fitted through digitized finger joint surfaces (actual procedure for fitting explained in the next section) for hinge joints. Differences between axes of these cylinders, which can be considered as geometrically joint axes, and kinematically derived axes were provided in Table S3 . The differences between some axes were relatively high (for instance PIPV and MCPII). Unfortunately, we could not find other studies that explicitly published data on joint axes to compare with our results***. However by inspecting the axes visually (Figure 6s ), IHA axes appeared to be a more appropriate indicator of joint axes. Vectors calculated using IHA method incorporated to the model.
Geometry: bony landmarks, muscle origins, insertions, via points, and geometrical shapes
The 3D positions of 48 bony landmarks were digitized and are listed in the supplementary material (Table S4 ). had two branches: the main branch to the little finger and a smaller one to the ring finger.
Model output
To assess to what extent measured data are accurate and if the model works properly, some model evaluations were conducted. Changes in total length (excursion) of extrinsic and intrinsic muscles during flexion of the index finger MCP joint were computed and compared with experimental data from An et al. (An et al. 1983) (Figure 7) .
Discussion
This study presents an extensive data-set including segment inertia, muscle and joint geometry, and muscle morphology needed for musculoskeletal modeling of the human hand and wrist. The schematic of the model of hand and wrist, which we will construct using these anatomical data was also provided. The model is based on the Delft shoulder and elbow model (Asadi Nikooyan et al. 2011) and includes all the extrinsic and intrinsic muscles of the hand taking into account the extensor mechanism of the fingers. Based on our knowledge this is first comprehensive model of hand and wrist, which comprises the extensor mechanism and intrinsic muscles of the hand.
To our knowledge, there are no other data-sets to compare with anatomical data measured in this study. To investigate the validity of some measured parameters such as muscle attachment points and joint positions, muscle excursions were compared with experimental data. Model outputs for the extrinsic muscles were quite comparable with those of An et al. (An et al. 1983) as it was shown in Figure 7 . The small differences may be explained by different body anthropometrics. Differences between excursions for intrinsic muscles were higher in terms of magnitude, but with comparable patterns. In general, results indicated that the implemented anatomical data were realistic, both for intrinsic as well as extrinsic muscles.
There are some limitations to our study. The tendons were assumed to be rigid neglecting their elastic properties. This simplification will probably have effect on model output to a limited degree since finger flexors have been shown to experience small amounts of strain under normal loads (Ward et al. 2006) . With regard to the hand inertial properties, finger segments were estimated as solid cylinders. It seems to be a reasonable assumption and has been used before to calculate these parameters (Friedman & Flash 2009 ).
The specimen dissected in this study was old and might, despite careful selection based on visual inspection, have suffered from some musculoskeletal disorder, affecting are presented in the supplementary material (Table S6) . During the dissection, the specimen was kept moist with saline solution.
The 3D position data of insertions, origins, and via points for the muscles are listed in the supplementary material (Table S7) . Table S7 also includes muscle position data for the extensor wrap points. Supplementary figures of 1 to 5 illustrate these wrapping points in the extensor web of each finger.
Muscle morphological parameters
After digitization, muscles were dissected free from the specimen, pinned to a wooden board, and fixed in a formalin solution (4%), to obtain muscle architecture parameters at a later stage.
After fixation, for each muscle, tendon length and fiber length were measured using digital callipers. The pennation angle was defined as the angle between the muscle fiber direction and the muscle line of action. Pennation angle was measured only for pennation angles larger than 10. The muscle was weighed on a digital scale with 0.1 g accuracy after removing tendon, fat, and connective tissues. Using the laser diffraction method (Borst et al. 2011) , sarcomere length was measured at a proximal, middle, and distal location along the length of each fiber and subsequently averaged to obtain a mean sarcomere length.
Optimum fiber length was calculated by dividing the fiber length by mean sarcomere length and multiplication with the optimal fiber length of 2.7 μm (Walker & Schrodt 1974) . For each muscle, the physiological cross-sectional area (PCSA) was calculated by the following equation:
As in previous work (Borst et al. 2011 ), a muscle density of 0.0010567 g/mm 3 was assumed. Table 2 presents the muscle morphology data for all of the digitized muscles. The belly of FDSII consisted of two bellies arranged in series. For each of these bellies, fiber length and pennation angle were assessed. The mass and tendon length were measured for the whole muscle because in the model both muscle bellies will be represented as one. The fiber lengths of these two bellies were summed and their pennation angles were averaged to allow a single FDSII model input.
Special cases
For the EDC an anatomical variation was observed: EDC only branched to the index, middle, and ring finger but had no tendon to the little finger. The extensor web of the little finger was mainly originating from ED min. ED min the model by subscribing activation constraints based on finger coupling patterns as observed in the previous studies (Zatsiorsky et al. 2000; kim et al. 2008) . Differences in age, height, weight, and sex of subjects affect outputs of the model. As it was mentioned, anatomical data of the current study is obtained from an old female cadaver, therefore extrapolation of input data for other populations may have some difficulties depending on the desired accuracy. Using specific data-set for different range of population may be needed in order to examine if they can impose significant variations.
While the fact that the data-set collected in this study stems from one single specimen is one of the strong points of this study, application of the data in a musculoskeletal model to study a particular patient or subject may not suffice, since subject specific differences can introduce collected data. In the dissection process no indication of a compromised musculoskeletal system arose. None of the MCP and PIP joints showed signs of osteoarthiris [no osteophytes or sclerosis]. To illustrate this, a selection of photographs of cadaver joints, are provided in the supplementary material. Furthermore this was supported by the kinematic data, which did not show indication of joint instability. Although we did not check indications of osteoporosis using DXA, there were no signs of osteoporosis.
Another simplification for acquiring details needed for modeling is that the muscle bellies of EDC, FDS, and FDP were dissected into separate muscle heads. This neglects the strong mechanical relationship between these head that can (at least partly) explain that fingers cannot fully move independently (Maas et al. 2003; Lang & Schieber 2004) .However, these relationships may be considered in important variations in functioning. In such cases, model scaling using subject-specific MRI or CT data may be useful. However, these should be used with caution as the validity of using such scaling methods is not known. Unfortunately for this specimen no MRI-data are available. It is advised, however, that future studies incorporate imaging data in the full data-set.
Conclusion
The presented data-set comprises geometrical and muscle contraction parameter data for the forearm and hand anatomy, collected on one single specimen. This complete and consistent data-set can serve as a basis for future musculoskeletal models of the hand and wrist. Such models can be used to obtain valuable insights in the general function of the musculoskeletal system of the wrist and hand or serve for example as a training tool for hand surgeons.
